To investigate DNA replication enzymology across the nuclear genome of budding yeast, deep sequencing was used to establish the pattern of uncorrected replication errors generated by an asymmetric mutator variant of DNA polymerase δ (Pol δ). Sequencing of 16 genomes identified 1,206-bp substitutions generated over 33 generations by L612M Pol δ in a mismatch repair defective strain. Alignment of sequences flanking these substitutions identified "hotspot" motifs for Pol δ replication errors. The substitutions were distributed evenly across all 16 chromosomes. The vast majority were transitions that occurred with a strand bias that varied in a predictable manner relative to known functional origins of replication. This strand bias strongly supports the idea that Pol δ is primarily a lagging strand polymerase during replication across the entire nuclear genome.
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DNA polymerase δ | lagging strand replication | mutational hotspot | replication fidelity | mutator R eplication of the eukaryotic nuclear genome is intrinsically asymmetric, with a continuously replicated leading strand and a discontinuously replicated lagging strand (1) . DNA polymerase α (Pol α) initiates new DNA chains and DNA polymerases ε (Pol ε) and δ (Pol δ), then performs the bulk of chain elongation. Variants of Pol ε and Pol δ (Pol δ L612M) that have distinctive error signatures were used to infer which DNA strand(s) each of these enzymes replicates in yeast. The results (2) (3) (4) are consistent with a model wherein Pol δ is primarily responsible for copying the lagging strand template, and Pol ε is primarily responsible for copying the leading strand template. Those studies used an 804-bp reporter gene adjacent to a single replication origin on chromosome 3 that fires frequently in early S phase (5) . This situation is akin to "looking under a lamp post," because the yeast genome is 15,000 times larger (12 million bp, 16 chromosomes) and contains hundreds of replication origins that fire with different efficiencies and at various times in S phase (6) . The genome also varies widely in sequence composition (7) , and it is highly organized with respect to transcriptional status and chromatin content. Each of these variables may influence which of the many replication proteins are operating at replication forks, either directly or indirectly by affecting susceptibility to DNA damage. Among many questions about replication enzymology raised by the size and complexity of the nuclear genome, here we examine whether the role of Pol δ at the replication fork is constant or variable across the genome. To do so, we use deep sequencing to establish the pattern of base substitution mutations arising in a pol3-L612M mutant that is deficient in Msh2-dependent mismatch repair.
Results and Discussion
Rationale. To determine whether Pol δ primarily copies the lagging strand template across the whole genome, we made use of the mutational asymmetry of Pol δ L612M, which has high error rates for only two of the four possible mismatches that give rise to transitions (3, 8) . Thus, Pol δ L612M is more likely to generate A·T-to-G·C mutations by misincorporating dGMP opposite template T than by misincorporating dCMP opposite template A.
Similarly, it is more likely to generate G·C-to-A·T transitions by misincorporating dTMP opposite template G than by misincorporating dAMP opposite template C. This specificity is illustrated in Fig. 1 , where these preferred pathways are depicted in blue for forks moving to the right from a replication origin or in red for forks moving to the left from an origin. Using the upper strand as a point of reference, these asymmetric error rates predict that if L612M Pol δ preferentially copies the lagging strand template (colored in Fig. 1 ), then the highest proportion of T-to-C and G-to-A substitutions (Fig. 1 , Upper, Left, in blue) should reside immediately to the right of functional origins, and the highest proportion of C-to-T and A-to-G substitutions (in red) should reside immediately to the left of functional origins. We tested these predictions by performing whole genome sequence analysis as follows.
Whole Genome Sequence Analysis. A diploid strain was constructed that is homozygous for pol3-L612M (yeast POL3 encodes the catalytic subunit of Pol δ) and heterozygous for a deletion of MSH2 (3), a gene that is essential for repairing Pol δ replication errors (9) . Tetrad dissection (Fig. 2) yielded two pol3-L612M MSH2 singlemutant spores and two pol3-L612M msh2Δ double-mutant spores. All cells from each spore colony within a tetrad were suspended in rich yeast peptone dextrose adenine (YPDA) medium (Fig. 2 , blue pathway) and grown to ≈10 10 cells. This amount of growth corresponds to ≈33 generations during which L612M Pol δ replication errors that are not corrected by MMR result in mutations. The resulting populations of cells were used to obtain genomic DNA samples that serve as reference genomes. Single cells from these populations were then allowed to form single colonies (Fig. 2 , red pathway). These colonies were grown in liquid medium to ≈10 10 cells, and genomic DNA samples were isolated and sequenced to identify base substitutions that arose during the first cycle of growth.
As a master reference, we used the genome from passage 1 of a single pol3-L612M mutant (L03). This strain has a low spontaneous mutation rate (3 × 10 −7 at URA3; ref. 8) because it is mismatch repair proficient and, therefore, corrects most replication errors generated by L612M Pol δ. The genomic DNA was sequenced on two lanes of a Genome Analyzer IIx (Illumina) and the data (22,500,098 paired-end and single reads) were pooled and aligned to a modified reference genome from strain S288c (7, 10) . The resulting consensus genome (99.85% coverage relative to modified S288c) was annotated and served as the master reference for all other genome alignments. Relative to this master reference, 95% of the genome was covered by sequence analysis of the 39 other genomes. Fig. 3A depicts the number of matched reads for each nucleotide in the 40 sequenced genomes, i.e., four reference and four outgrowth genomes for the pol3-L613M strain and 16 reference and 16 outgrowth genomes for the pol3-L613M msh2Δ strain. Base substitutions identified in more than one genome by pairwise comparisons with the master reference were then filtered out. This filtering was done to eliminate mutations that were not likely to have been generated by Pol δ L612M during outgrowth. As justification for this filtering, we calculated that the probability of the same mutation independently occurring in 2 of 16 sequenced genomes of double-mutant strains would require a hotspot whose mutation rate would need to be at least 800-fold higher than the hottest site for substitutions in our previous study with the URA3 reporter gene (3). Additionally, 94% (767 of 813) of repeatedly identified base substitutions were found more than twice. This analysis further reduces the already low probability that repeatedly observed mutations originate from independent mutation events. Nonetheless, we cannot formally exclude the interesting possibility that extreme base substitution hotspot may exist in the genome.
When the genomes of the four pol3-L612M single-mutant outgrowths were sequenced, none had more than three substitutions when compared with their reference genome (Fig. 3B ). In contrast, among the 16 genomes sequenced from outgrowths of pol3-L612M msh2Δ double mutants (Fig. 3B , filled bars), 13 contained between 37 and 129 substitutions, with 3 others having a smaller number. The difference in substitution density between the single-and double-mutant clones is highly significant (twotailed Mann-Whitney, P = 0.0014).
In the genomes of the pol3-L612M msh2Δ double mutants that were sequenced after the outgrowth passage, we identified 1,206 unique single-base substitutions generated by L612M Pol δ during the reference passage in the absence of mismatch repair (Table S1 ). To quantify the extent of selective pressure during the reference passage, the 1,206 single base substitutions were subdivided into two classes. Of the 1,206 mutations, 883 (73%) were within an annotated gene. This fraction corresponds well with the amount predicted (75%), suggesting that there is little, if any, selective pressure against mutations in ORFs of genes. Among these 883 substitutions, only 600 (68%) lead to an amino acid change. This fraction is slightly less than predicted (689 substitution, 78%), suggesting that there is some selective pressure favoring silent mutations. This selective pressure makes sense given the relatively large portion of the yeast genome that is coding and the potential for synthetic lethality to arise from multiple, independently benign mutations.
The 1,206 substitutions were distributed uniformly along all 16 chromosomes (Fig. 4 A and B) , with an average density of ≈1 substitution per 10,000 base pairs (Fig. 4C ). This uniformity implies that Pol δ is a replicative polymerase for the vast majority of the nuclear genome. The density of mutations does not correlate with the distance from origins.
Strand Biases. More than 90% (1,099/1,206) of the base substitutions in the pol3-L612M msh2Δ double-mutant genomes were transitions (558 A·T to G·C and 541 G·C to A·T). Given L612M Pol δ's biased error rates, if L612M Pol δ preferentially copies the lagging strand template (Fig. 1 , red or blue strand), then the highest proportion of T-to-C and G-to-A substitutions (in blue) should reside immediately to the right of functional origins, and the highest proportion of C-to-T and A-to-G substitutions (in red) should reside immediately to the left of functional origins. To determine whether this distribution is actually observed, we divided the distances between the 274 confirmed functional origins of replication in yeast (Table S2) into 20 equal intervals, each representing 5% of the distance between one origin and the next. When substitutions were binned based on their position relative to the nearest flanking origins, the proportions of each of the four transition mutations were biased exactly as predicted if Pol δ is primarily copying the lagging strand template during replication of the whole genome ( Fig. 5 A and B) . In other words, the highest proportion of T-to-C and G-to-A substitutions were to the right of functional origins, and the highest proportion of C-to-T and Ato-G substitutions were to the left of functional origins. These biases further imply that Pol δ is not contributing greatly to leading strand replication. By default, and supported by earlier results (2), our data suggest that Pol ε may be the primary leading strand polymerase for the genome. The resolution of the current analysis (one substitution per 10 Kb; Fig. 4C ) does not exclude exceptions to this general model (see discussions in refs. 4 and 12), e.g., leading strand replication by Pol δ upon replication restart after encounters with DNA damage.
Interestingly, the proportions of four different substitutions are most similar to each other at the midpoint between origins Protocol to obtain genomic DNA for sequence analysis. A diploid strain homozygous for pol3-L612M and heterozygous for deletion of MSH2 was sporulated to generate meiotic tetrads. These tetrads were dissected, and colonies resulting from the single-cell meiotic haploid products were grown overnight in 10 mL of YPDA medium. These cultures were added to 90 mL of YPDA medium and grown for 6 h to obtain ≈10 10 cells, requiring ≈33 generations. This reference passage (blue path) is the period in which most or all of the mutations to be analyzed were generated. DNA obtained from this first passage, extracted from the whole population and, thus, representing the baseline haploid cells that emerged from tetrad dissection, served as the reference genome for each clone. Single colonies were obtained from these cultures by streaking out on YPDA plates, followed by a second round of growth in liquid YPDA medium. This outgrowth passage (red path) served to isolate and amplify genomes that were subject to mutation during the reference passage. DNA was extracted and sequenced to determine the uncorrected Pol δ L612M replication errors that had accumulated during the first round of growth.
( Fig. 4B) , where replication forks converge. These data were then used to model the distribution of interorigin convergence points, as described in SI Materials and Methods. The results (Table S3 and Fig. S1 ) suggest considerable variability in replication fork convergence points, perhaps reflecting variations in the rate of fork movement, replication origin usage, the timing of origin firing, or some combination of these variables.
Mutable Motifs. Next, we addressed the extent to which Pol δ replication errors are sequence-context dependent. To increase confidence in assignment to lagging strand replication and the identity of the mismatch, we focused only on transition mutations whose position relative to an origin was <25% of the interorigin distance. Within this cutoff, roughly 96% of sequences for a given mutation type should have been generated by a fork moving from the nearest origin on the expected strand. This permitted alignment of sequences flanking 214 substitutions inferred to result from template G-dT mismatches and 242 substitutions inferred to result from template T-dG mismatches (Table S4) . Alignment of five bases on either side of these mismatches revealed two short motifs. For transitions involving the template G-dT mismatch, the motif is template 5′-C(G/C/T)GC(C/A)G (Fig. 6A ). This motif is consistent with our previous study (3) wherein the hottest G-to-A transition hotspot in the URA3 gene occurred in a template sequence context comprising four of the same five flanking bases, (5′-CTGCAa). For transitions involving the T-dG mismatch (Fig. 5B) , the motif is template 5′-(G/C)T(G/C)AG. A position weight matrix analysis (Fig. S2) revealed that the sequence motifs for transitions made by L612M Pol δ were substantially overrepresented in the genome-wide mutation set as compared with all G·C base pairs in the coding sequences of the URA3 and CAN1 genes, or all G·C base pairs in chromosome 3. These mutable motifs for L612M Pol δ are not the hard consensus motifs characteristic of sequencespecific binding proteins. A less well-defined motif is perhaps expected, because Pol δ must accurately copy a wide variety of sequences present in the nuclear genome. Additional biochemical and genetic studies will be required to quantify the contribution (or not) of each nucleotide to mutability and the biological relevance of these motifs. Nonetheless, the two motifs share the general characteristic of being rich in G·C base pairs immediately flanking both sides of the mismatch. This characteristic raises the possibility that these motifs may be more mutable than average because of increased duplex stability that facilitates mismatch extension at the expense of proofreading.
Summary and Implications. The widespread distribution and strandbiased patterns of mutagenesis observed here strongly support a model wherein Pol δ has a primary role in replicating the lagging strand template across the whole nuclear genome of budding yeast. The biased mutagenesis further suggests that Pol δ has a lesser role in leading strand replication, which by default supports the previous suggestion (4) that Pol ε, the other major yeast replicative polymerase, acts as the primary leading strand replicase. Whole genome sequencing is underway to further examine this latter possibility by using a M644G mutator derivative of Pol ε (2). We are also examining the feasibility of sequencing genomes of strains grown for many more generations than the ≈33 generations used here. In this way, it may be possible to identify large numbers of unselected mutations throughout the genomes of strains with lower mutation rates. This XXX may have wide applicability. As one example, if this strategy works with a pol3-L612M strain that is proficient in mismatch repair, then comparisons of mutational patterns in that strain to those reported here may provide insights into genomic parameters that determine mismatch repair efficiency, such as replication timing, transcriptional status, or chromatin architecture (13) . The identification of short mutable motifs for base substitutions made during lagging strand replication by Pol δ reveals the potential power of deep sequencing to provide new biomarkers for molecular defects that may be associated with disease states. The prototype for this concept is the renowned microsatellite instability used as a biomarker for replication errors that accumulate in tumors that are defective in DNA mismatch repair (14) . The present study suggests that it may be possible to use deep sequencing, e.g., as in efforts to sequence cancer genomes (e.g., www.sanger.ac.uk/genetics/CGP; refs. 15 and 16, and references therein), to identify base substitution biomarkers that are signatures for defects in DNA replication or repair. By using mutational signatures to strongly support a genome-wide model for eukaryotic DNA replication, this study also reveals the power of deep sequencing to test important hypotheses in the fields of DNA replication, DNA repair, and mutagenesis, with many applications (e.g., ref. 17) anticipated as the technology continues to evolve (18) .
Materials and Methods
Strains. All sequenced clones were derived from tetrad dissections of the diploid SNM1037 strain described in ref. 3 .
Preparing Genomic DNA. Cells were cultured by following the protocol (Fig. 2 ). Cells were harvested from 100-mL cultures, resuspended in 10 mL of 1 M sorbitol, and split into 1-mL aliquots. DNA was isolated from the cells by using the Epicentre MasterPure Yeast DNA Purification Kit (MPY80200).
Library Preparation and Whole Genome Sequencing. Two to 5 μg of total DNA was fragmented to sizes between 200 and 800 bp by using a "Bioruptor" sonicator. DNA was purified on PCR purification columns (Qiagen) and separated on a 2% agarose gel. DNA fragments of 300 bp were extracted from the gel (Qiagen) and used for library preparation by using the protocol for Genome Analyzer IIx recommended by Illumina. This library was analyzed on an Expirion Automated Electrophoresis System (Bio-Rad) and quantified by using a Qubit fluorometer (Invitrogen). DNA was diluted to 15 nM, loaded on the flow cell, and sequenced on a Genome Analyzer IIx instrument (Illumina). We performed paired-end sequencing (2 × 36 cycles). The first step of data analysis was done with an Illumina analysis pipeline that delivers reads in fastq format that are then used in subsequent steps.
Master Reference Assembly. All sequence analyses, including reference sequence generation, sequence alignment (both reference and outgrowth), and SNP identification, were done by using the CLC Genomics Workbench (CLC Bio). L03, a single mutant bearing only the pol3L612M mutation, was used as the master reference. Two lanes of data were pooled and aligned against the S288C reference from the yeast genome database in "random" mode. This S288c reference was first modified to include large changes that had been made during strain construction (e.g., insertion of URA3 near ARS306, deletion of MSH2, and insertion of Hyg R cassette in its place). The annotations from the corrected S228c genome were then transferred onto the consensus sequence from the alignment. The two lanes of L03 data were then aligned against this new consensus genome in "ignore" mode. SNPs from this alignment were then identified and manually incorporated into the reference sequence used for this alignment. This newly modified sequence is the L03 master reference.
Sequence Alignments and Identification of Base-Pair Substitutions. All other genomic DNA samples were run on a single lane. Data from each lane were aligned to the L03 master reference in ignore mode. Once each genome had been aligned, a SNP analysis was run where a variant was considered a SNP only if the coverage was greater than eightfold and the variant was present in at least 80% of the reads. All SNPs were then filtered out and only unique mutations that were observed in only one isolate were kept for subsequent analysis. . Using transitions present only within the first and last 25% of each interorigin region, a position weight matrix was generated for mismatches inferred to be either G-dT or T-dG. For each pulsewidth modulation, the contribution to the overall position weight score (PWS) of a given sequence is the natural log of the likelihood ratio (Fig. 6, black bars) , based on the observed and expected occurrences for each base at each position (Fig. 6, inset tables) . Within each motif, bases were assigned at each position based on three tiered criteria. First, the distribution of all four bases was required to differ from the expected distribution by more than an amount likely to be due to random chance (χ 2 test; P < 0.05). Second, each possible pairwise division of the observed distribution was tested against its expected equivalent by χ 2 analysis and used if the P value was <0.01. Third, the identity that was ultimately assigned in the motif had the best χ 2 score among all candidates at that position. Thus, both the PWS and the assigned identity represent deviation from expectation beyond random chance, rather than representing overall preponderance of a certain base or bases. 
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